INTRODUCTION
Xeroderma pigmentosum (XP) is an autosomal recessive disorder which is characterized by sensitivity to sunlight and a dramatically increased risk of cancer of sun-exposed areas of the body, including the skin, eyes and tongue (1). Cells from XP patients are hypersensitive to ultraviolet (UV) light and UV-mimetic chemicals, and are defective in nucleotide excision repair following exposure to these agents (1). Cell fusion studies have identified at least eight genetic complementation groups in XP, designated A-G for the classical form of the disease and V for the variant form (2) .
Biochemical studies have shown that non-dividing cells from XP group C patients can efficiently repair UV-induced damage in actively transcribed DNA, but appear to be deficient in the repair of lesions in transcriptionally inactive regions of the genome, and on the non-transcribed strand of active genes (3, 4) . An XPC cDNA was cloned by complementation of XP-C cells in culture using an Epstein-Barr virus-based vector system (5) . This cDNA clone is 3.8 kb in length and can encode a predicted protein of 823 amino acids (5, 6) . The putative XPC protein is hydrophilic, with 34.1 % charged residues, and is also quite basic (5, 6) . Northern analysis failed to identify a transcript in mRNA isolated from many XP-C patients (5) . Recently, another XPC cDNA has been independently cloned and sequenced. This cDNA is 3.6 kb in length and adds an additional 117 amino acids to the N-terminus of the predicted protein sequence [Dr Chikahide Masutani, The Institute of Physical and Chemical Research (RTJCEN), Japan, personal communication].
Several genes from the yeast 5. cerevisioe have been shown to be homologs of human genes which are defective in patients with the hereditary disease XP. Identification of the yeast homolog of XPC might therefore be expected to provide insights into the functional role of the XPC protein and the molecular pathology of XP. Limited homology between a region of the predicted XPC protein sequence and that of the S.cerevisiae Rad4 sequence was noted previously, but the significance of this homology was uncertain (5) .
In order to further evaluate the significance of the tentative homology between the human XPC and yeast Rad4 proteins we elected to isolate the Drosophila homolog of the XPC gene so that the polypeptide region of interest could be evaluated by comparing all three sequences. In addition, the availability of the cloned Drosophila gene would provide an opportunity to determine whether a yeast gene other than RAD4 might be the true functional homolog of XPC. Drosophila homologs of human excision repair genes have been isolated previously. The D. melanogaster homolog of the human XPA protein shares 45 % amino acid identity (64% similarity) with the human sequence (7) . Additionally, the D. melanogaster homolog of the human XPB gene has been identified as the haywire gene and defects in this gene have been shown to confer UV radiation sensitivity and central nervous system defects in some cases (8) . The predicted haywire polypeptide shares 66% amino acid identity with the •To whom correspondence should be addressed human protein and 50% identity with its S.cerevisiae counterpart, Ssl2 protein (8) . One might therefore expect that the human XPC gene is also conserved between humans, Drosophila and yeast. We have cloned the D.melanogaster homolog of the human XPC gene, designated XPC°M, and show that the C-terminal 346 amino acids of the predicted polypeptide share significant homology with similar regions of both the translated human XPC and yeast RAD4 genes. No other yeast gene has been identified as a more conserved homolog of the human XPC and Drosophila XPC°M genes.
MATERIALS AND METHODS

Southern hybridization
Restriction digestion of the plasmid pXPC3 (5) with Sfil releases a 3.5 kb fragment of the human XPC cDNA sequence. This fragment was purified on a 0.7% Sea Plaque gel (FMC) and labeled directly (9) with [a-32 P]-dATP and [a-^PJ-dCTP by the random primer method (10) . Genomic DNA was isolated from the SV40-transformed human cell line VA13, the mouse cell line A9, Schizosaccharomycespombe strain 972h-and S.cerevisiae strain SX46. Chicken and Drosophila genomic DNA were from Clontech. Southern transfers were made to positively charged nylon filters and hybridized at 45 °C in Hybrisol I (Oncor). Heterologous hybridizations were washed to a final stringency of 2XSSPE, 0.1% SDS at 45°C, and identical sequences were washed to a final stringency of 2XSSPE, 1.0% SDS at 68°C.
Genomic library screening A D.melanogaster 6-16 h embryo (Canton S wild-type) genomic library in 1 vector Charon 4A (11) was obtained from the American Type Culture Collection (ATCC 37332). Plaque lifts were made with Sureblot discs (Oncor) and processed by established procedures (12) . Filters were prehybridized for approximately 3 h at 65°C in 5xSSPE, 5xDenhardt's, 0.5 % SDS. Then 10 6 cpm/ml of the XPC probe was boiled with 25-50 /ig/ml single-stranded herring sperm DNA, added to the prehybridization mix and the filters were hybridized overnight at 65°C in a shaking water bath. The filters were washed twice at room temperature and once at 45 C C in 2 xSSPE, 0.1 % SDS, cDNA library screening A D.melanogaster 0-4 h embryo (strain dp en bw) cDNA library in vector pNB40 (13) was kindly provided by Dr Steve Wasserman, Department of Biochemistry, UT Southwestern Medical Center. Plaque lifts were made using Hybond N+ (Amersham) and processed as suggested by the manufacturer. Filters were hybridized with the XPC DM sub68 probe as described above for genomic library screening, and washed to a final stringency of 2x SSPE, 1% SDS at 68 °C.
Sequence analysis
The insert contained in pcD1.3 was completely sequenced on both strands using Sequenase version 2.0 (United States Biochemical). The 5' and 3' ends of the cDNA were sequenced using primers to vector sequences. Subclones were similarly sequenced using pUC forward and reverse primers. The remaining gaps were filled using sequence-derived primers.
RESULTS
Cloning and nucleotide sequence of the Drosophila XPC DM cDNA The human XPC cDNA was used to probe Southern blots of human, mouse, chicken, Drosophila, Schizosaccharomyces pombe and S.cerevisiae genomic DNA. Hybridizing fragments were observed with human, mouse, chicken, and Drosophila DNA (Fig. 1) . A clone was isolated from a Drosophila genomic library by hybridization with the human XPC cDNA. Southern analysis of this genomic clone revealed a 4.0 kb EcoRl fragment which hybridized to the human XPC cDNA. This fragment size was in complete agreement with that originally observed on Southern blots of Drosophila genomic DNA (Fig. 1 ). This 4.0 kb fragment was subcloned into pBGS19 (14) and was designated XPC DM sub68. Subcloning and further analysis localized the hybridizing region to an 800 bp HindHl fragment designated 68subl (Fig. 2) . Sequence analysis confirmed strong nucleotide sequence conservation between 68subl and the human XPC cDNA over the region of the human XPC sequence previously shown to have limited homology at the amino acid sequence level apparently full-length cDNA and the remaining seven had with the S.cerevisiae RAD4 gene (5 (Fig.  3) . The sequence AATAAA, corresponding to a consensus polyadenylation signal, is present beginning at nucleotide 4162 and die poly A tail begins at nucleotide 4199.
Comparison of the human XPC, Drosophila XPC°M and S.cerevisiae RAM sequences The predicted XPC DM protein is very basic with an isoelectric point of 10.05 (as determined by the isoelectric program of GCG). The basic nature of XPC DM is similar to that of the human XPC protein, which has an isoelectric point of 9.54. The yeast Rad4 protein is also basic, with an isoelectric point of 7.93. All three of die protein sequences contain acidic stretches, which are characteristic of nuclear proteins which associate with chromatin, including nucleolin, High Mobility Group (HMG) proteins and the S.cerevisiae Rad6 protein (15 -18) .
XPCP M shows significant conservation at bodi the nucleotide and protein sequence level widi the human XPC cDNA in die 3' region of the coding sequence, corresponding to die region of homology tentatively identified between die human XPC and die S.cerevisiae Rad4 proteins (Fig. 4) (Fig. 4) . The diree proteins share 18.8% identity (41.6% similarity) overall in this region (Fig. 4) . Pair-wise comparisons of die conserved region of die protein sequences were done widi the Bestfit program from GCG. A total of 10 randomizations of die second sequence were also analyzed to determine an average score for two unrelated sequences of diis length. The alignment of die yeast Rad4 and Drosophila XPC DM protein sequences scored 18 standard deviations above die mean; the yeast Rad4 and human XPC proteins scored 16 standard deviations above the mean; and die human XPC and Drosophila XPC DM proteins scored 64 standard deviations above die mean. These scores are statistically significant, supporting die contention diat tiiese tiiree proteins are evolutionarily related. The sequences of the N-terminal portions of die proteins are not conserved and show considerable variation in length (Fig. 4A) . Nonedieless, all diree proteins contain large numbers of charged residues which are divided into acidic and basic regions, suggesting that diey may be functionally important.
The human XPC and Drosophila XPC DM proteins bodi contain large numbers of serine residues in die amino-terminal portion of dieir protein sequences, which may indicate diat they are phosphorylated in vivo. Phosphorylation has been suggested as a possible mechanism for regulating die transport of proteins into the nucleus (19) . In the XPC DM sequence, consensus phosphorylation sites are present for cAMP-and cGMPdependent protein kinase, casein kinase n, protein kinase C and tyrosine kinase. Notably, it has been previously shown that casein kinase II can partially complement the UV radiation sensitivity of XP-C and XP-D cells in culture, suggesting a role for casein kinase II-dependent protein phosphorylation as a modulator of cellular responses to DNA damage (20) .
The XPC DM protein sequence also contains diree potential bipartite nuclear targeting sequences (Table 1 ). This motif consists of two basic residues followed by a spacer of any 10 residues, with three out of die next five residues being basic (19, 21) , and has been identified in a number of nuclear proteins, including p53 protein, DNA polymerase a, several topoisomerases and several proteins involved in nucleotide excision repair. The revised human XPC protein sequence also contains a bipartite signal, and die yeast Rad4 protein contains three of diese motifs.
DISCUSSION
The isolation and sequence analysis of die Drosophila homolog of die human XPC gene has added convincing evidence to die contention diat die S.cerevisiae homolog of XPC is the RAD4 gene. The majority of die cloned yeast nucleotide excision repair genes have been shown to have human homologs. Indeed die only exceptions likely constitute cases in which a concerted search for homologous genes has not yet been initiated. Hence, it is clear that the genes, and by inference the biochemistry, of this DNA repair mode are evolutionarily conserved in eukaryotes. Among the cloned yeast nucleotide excision repair genes those that are most highly conserved are the essential genes RAD3 and SSL2, in which amino acid identity with their human homologs (XPD and XPB, respectively) extends along the entire length of the polypeptide. For non-essential genes such as RAD2, RADIO and RAD14 the general rule is that limited domains of the predicted amino acid sequence share significant homology with domains in the human homologs, as is the case with the RAD4 and XPC genes examined in the present study. Such conservation notwithstanding, Koken et al. (22) were unable to detect correction of repair-defective phenotypes by microinjection or DNA transfection of the Drosophila haywire cDNA into XP-B fibroblasts or into homologous rodent cell lines. Similarly, we were unable to show correction of the UV radiation sensitivity of XP-C fibroblasts by transfection of an episomal plasmid expressing the XPCP M cDNA (data not shown). This lack of complementation presumably reflects the inability of the Drosophila proteins to form functional complexes with one or more mammalian repair proteins in vivo.
The observation that the C-terminal portion of the Drosophila protein is highly conserved in humans and yeast suggests that it contains important functional domains. In this regard it is of interest that several spontaneous and induced mutations in the yeast RAD4 gene that result in defective nucleotide excision repair, have been predicted to result in truncated polypeptides (23) which delete the C-terminal third of the Rad4 protein. The identification of functional domains within the XPC protein will be important in the evaluation of mutations associated with the disease XP, and in the eventual clarification of a biochemical function for the XPC protein. The highly conserved amino acid residues identified by the comparison of the human, Drosophila, and yeast sequences suggests that biochemical characterization of the Drosophila and yeast proteins might be very informative in this regard.
